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ABSTRACT: The catalytic transformation of glycerol (GLY) using [(***PN"P)Ir(COD)]CI ["?PN"P = #3-(‘Pr,PCH,CH,),NH] af-
fords hydrogen and lactic acid (LA), trapped as its sodium salt (Na[LA]) with high yield (96%) and selectivity (99%) in the presence
of an equivalent of in-situ generated NaOEt at 140 °C within 4 h. A diminution in activity was observed when PN™°P ligand was
used instead of PNHP, or when Cl~ was replaced by [BAr"s]". An Ir to Rh substitution also resulted in poor activity. Kinetic studies
show a first-order dependence of the initial-rate on the concentrations of [(*?PN"P)Ir(COD)]Cl, NaOEt and glycerol. An outer-sphere
mechanism does not explain the activity of [(P?PNM¢P)Ir(COD)]CI, and DFT studies support an inner-sphere mechanism, with oxi-
dative addition of glycerol to a 14-electron intermediate [(*PN"P)Ir]Cl as the rate-determining step (RDS). A KIE of 2.7 obtained
with glycerol-Ds, shows a major contribution from O—H activation in the RDS. The kinetics of the reaction become favorable (AG14ot
= 27.01 kcal/mol) when one of the terminal O—H’s of glycerol is hydrogen-bonded to the N—H of the pincer backbone, in contrast to
cases where no hydrogen bonds are invoked (AG14¢* = 31.96 kcal/mol) or are not possible [(*"?PNM°P)Ir]Cl (AG 40" = 30.36 kcal/mol).

INTRODUCTION

There is considerable emphasis on the sustainable and efficient
utilization of natural resources that also minimize environmen-
tal impact. In this regard, biodiesel stands out as an appealing
fuel option, offering environmental advantages in its manufac-
ture, reducing reliance on imported fuel, and being derived from
renewable resources.! Glycerol plays a pivotal role in the utili-
zation of renewable bio-waste generated as a byproduct in the
biodiesel industry.? The production of 10 tonnes of biodiesel
produces approximately 1 tonne of glycerol (approximately
10% by weight), which can be viewed as an undesirable by-
product that is difficult to dispose of without significant envi-
ronmental impact.® An alternative solution for the processing of
waste glycerol is either to convert it into valuable products such
as propanediol,* dihydroxyacetone®, and lactic acid®* or to uti-
lize it as a LOHC (liquid organic hydrogen carrier)®* towards
applications in H, generation.

Lactic acid is a valuable commodity chemical, with a wide util-
ity in food, pharmaceuticals, chemical industries, cosmetics, bi-
odegradable polythenes, detergents and polylactic acid (PLA)
synthesis.” The traditional approach to synthesizing lactic acid
involves the fermentation of sugars and alcohols.® Such pro-
cesses have relatively low yields and productivity, and require
complicated purification and workup. This limits the scalability
and cost-effectiveness of producing lactic acid on an industrial

scale.’ Considering these problems, effective methods for pro-
ducing lactic acid from abundant, waste, glycerol using highly
efficient catalysis is of considerable interest.'®

In 2014, Crabtree and co-workers first reported the use of ho-
mogeneous iridium(I) N-heterocyclic carbene pre-catalysts for
the acceptorless dehydrogenation of glycerol to form hydrogen
and lactic acid. Turnover numbers (TONs) of over 30,000,
yields of 91% yield and selectivity of 95% towards lactic acid
were reported, Figure 1.'% In 2015, Beller and co-workers re-
ported a series of PNP-type pincer ruthenium complexes to cat-
alyze this transformation with 67% yield and 67% selectivity
towards lactic acid.'® An iron catalyst was developed by Hazari
and co-workers using a PNP ligand for glycerol dehydrogena-
tion that gives 24% glycerol conversion with 83% selectivity.'%
Tu and co-workers carried out the dehydrogenation of glycerol
catalyzed by Ir-NHC complex and obtained up to 92% yield and
3266 turnover numbers (TONSs) of lactic acid.'® In 2016, Wil-
liams and co-workers reported a Ir(I) pyridine-NHC complex,
where the TONs reached up to 4.5 x 10 in 32 days and a yield
of 90% of lactic acid.'®In 2018, Voutchkova-Kostal utilized
sulfonate-functionalized Ir(I), Ir(Ill), and Ru(Il) NHC com-
plexes for efficient LA synthesis from glycerol.'”" Very re-
cently, Li studied the conversion of glycerol to lactic acid in
water in high yields (ca. 99%) and with excellent selectivity (ca.
99%) that was catalyzed by a water-soluble piano-stool iridium
complex.'% In 2020, Kumar and co-workers synthesized NNN
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pincer-Ru complexes using bis(imino)pyridine and 2,6-bis(ben-
zimidazole-2-yl)pyridine ligands for transforming glycerol into
LA and hydrogen. The best results were achieved with a cata-
lyst [(Bm2NNNRuCI(PPh;),]Cl, which led to a 90% LA yield
with 98% selectivity and 92% conversion of glycerol in an open
vessel.!% In 2022, Fu and coworkers transformed glycerol into
lactic acid using PNP-Mn complexes. They achieved a high
yield of 96% with 96% selectivity in 24 hours.'® Very recently,
Kumar and co-workers reported the use of base metal salts of
CoCl,,'% MnCl1,'* and FeCl,'" along with the corresponding
NNN pincer complexes of the latter two!™! for the efficient
transfer dehydrogenation of glycerol to lactic acid.
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H, Yield = 92%

TONSs = 65000, TOF = 903 h''

Figure 1. Homogeneous catalytic systems based on Ir reported for
the transformation of GLY to LA.!010d-¢

Despite the fact that there has been a recent significant emphasis
on catalysis using base-metals,'"™ it is evident from the discus-
sions (vide-supra) that catalysts based on Ir'%1%-¢ have out-per-
formed the rest'®<1%! studied towards the acceptorless dehy-
drogenative transformation of GLY to LA. A brief summary on
the homogeneous catalytic systems based on Ir reported for the
transformation of GLY to LA is provided in Figure 1. A major-
ity of the Ir based catalysts report prolonged reaction times for
the GLY to LA transformation, spanning from 24 hours to 32
days, as well as elevated reaction temperatures, typically in the
range of 115-160°C. Additionally, some of these procedures in-
volve the use of co-solvents, such as water, to enhance the sol-
ubility of the catalyst and achieve high yields. It would be de-
sirable to formulate the GLY to LA catalytic systems that oper-
ate at low temperatures, lower loadings and at shorter reaction
times in neat glycerol. Considering the fact there are now
straightforward ways to recycle Ir,'® the design and develop-
ment of catalytic systems based on Ir for efficient organic trans-
formations has significant value. In this context, this study now
compares the catalytic activity of various PNP pincer-M com-
plexes of the type [(PPPNUP)M(L)]X!'*c [PPPNHP = «3-
(‘Pr,PCH,CH,),NH; M = Ir, Rh; L = COD and NBD; X = CI"
and [BArf]]. Among the considered catalysts,
[(P?PNFP)Ir(COD)]CI at loadings in the range of 0.06-0.0002

mol% is found to promote the GLY to LA transformation, giv-
ing a maximum of 95% yield with 97% selectivity towards LA,
and turnovers up to 65000 (ToF = 900 h™') in the presence of an
equivalent of in-situ generated NaOEt at 120 °C in neat GLY.
An inner-sphere mechanism is proposed on the basis of experi-
mental and computational studies, with oxidative addition of
glycerol to a 14-electron cationic pincer-Ir intermediate
[(PZPNHP)Ir]Cl suggested as the RDS. In comparison with the
best in the class homogeneous catalytic Ir systems reported pre-
viously (Figure 1), the current catalytic system, based on
[(P?PNHP)Ir(COD)]CI, demonstrates comparable reactivity,
while also offering a comprehensive mechanistic understanding
obtained from a combined kinetic and DFT analysis.

RESULTS AND DISCUSSIONS

Studies on the pincer-Ir and pincer-Rh catalyzed acceptor-
less dehydrogenation of glycerol to lactic acid. We initiated
our investigations into the acceptorless dehydrogenation of
glycerol to lactic acid with the optimization P?PN"P pincer-
iridium and -rhodium catalysts (Figure 2) using one equivalent
of either commercially available NaOEt or in-situ generated
NaOEt (in EtOH) as base. In a typical reaction, 5 mmol of neat
glycerol (13.7 M) containing 0.06 mol% (8.2 mM) of the cata-
lysts 1a-c or 2a was treated with an equivalent of base and the
viscous reaction mixture was heated to 140 °C under an argon
atmosphere. The reaction mixture was subsequently cooled af-
ter an appropriate time, and an aliquot withdrawn. The yield of
sodium salt of lactic acid Na[LA] 4 was determined from 'H
NMR using sodium acetate as an external standard.

1a;R=H,X=Cl
1c; R=H, X = [BAr,]

CCDC 2386329

Figure 2. PNP pincer-Ir and pincer-Rh catalysts screened in this
current study for the transformation of GLY to LA. The plot of 1b
is provided with displacement ellipsoids drawn at 50% probability.

Among the considered catalysts 1a-c and 2a, complex la ex-
hibited the highest catalytic activity and selectivity after 4 h re-
action time at 140 °C by employing NaOEt generated in-situ
from NaH + EtOH (entry 1 Table 1). Utilizing commercially
available NaOEt resulted in a lower yield (entry 2 Tablel). In
order to elucidate the potential impact of the N—H group of the
Pr2PNP ligand on the GLY to Na[LA] conversion, the catalyst
with a N-methyl-substitution, 1b was tested. Upon comparing
the performance of 1a and 1b, it was observed that complex 1b
was not as effective as 1a in selectivily converting GLY into
Na[LA] under identical conditions (entries 3-4 vs. entries 1-2,
Table 1). This observation suggests a significant influence of
the N-H functionality within complex la in this transfor-
mation.''d The catalytic activity of glycerol dehydrogenation
significantly decreased while changing the anion from CI™ in
catalyst 1a to [BArY,]™ in catalyst 1c (entries 5-6 vs. entries 1-2,
Table 1). Catalytic reactions carried out with 2a revealed that
an Ir to Rh substitution also leads to poor activity (entries 7-8
vs. entries 1-2, Table 1). Under these general reaction condi-
tions, the high selectivity observed for LA suggests that GLY
decarbonylation!® and LA decarboxylation'®, which produces
ethylene glycol and FA, respectively, are minimal.
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Table 1. The pincer-Ir and pincer-Rh catalyzed dehydrogenation of GLY to LA under varying conditions.?

; Catalyst OH o
0.06 Mol%, 8.2 mM
3 HO/\(;\OH (Base (1 Equivalent)) /J\fo * HO\/J\ * HCOOM + HO/\/OH
4 Time(h), 140°C OM
> 3 Total Volume =0.365mL 4 5 6 7
6 13.7 M M = Na, K
7 Entry Catalyst Base Temperature ~ Time  Conversion® % Yield® Selectivity®
g (T°0) (h) of 3 (%) 4 5 6 7 towards 4 (%)
10 1 la EtOH+NaH 140 4 97 96 Trace  Trace  Trace 99
11 2 1a NaOEt 140 4 96 84 11 Trace  Trace 86
12 3 1b EtOH+NaH 140 4 92 70 13 0 0 76
13 12 96 87 7 Trace  Trace 88
1 g 4 1b NaOEt 140 4 26 13 2 Trace 0 51
16 72 97 90 0 Trace 0 93
17 5 1c EtOH+NaH 140 4 30 11 0 Trace  Trace 35
18 96 99 88 0 2 0 89
19 6 Ic NaOEt 140 4 15 3 0 0 0 18
20 96 93 75 0 3 0 81
;; 7 2a EtOH+NaH 140 4 0 0 0 0 0 -
23 96 93 91 0 0 Trace 98
24 8 2a NaOEt 140 4 0 0 0 0 0 -
25 96 90 88 0 Trace O 97
26 9 1a EtOH+NaH 130 12 95 94 0 Trace  Trace 99
27 100 1a EtOH+NaH 120 18 98+2(92% Ha) 951 0 Trace Trace 9742
;2 11 la EtOH+NaH 100 18 79 64 10 Trace 0 82
30 30 86 76 5 1 0 92
31 12 la NaOEt 120 18 95 90 0 1 Trace 95
32 13 la NaO'Bu 120 18 98 94 0 Trace  Trace 96
33 14 1a KO'Bu 120 18 70 60 6 3 Trace 87
34 15  1a NaOH 120 18 90 85 0 Trace Trace 94
22 16 1a KOH 120 18 47 35 4 Trace  Trace 76
37 17 1a NaH 120 18 96 84 8 Trace  Trace 87
38 18 1la No Base 120 18 0 0 0 0 0 -
39 19 None EtOH+NaH 120 18 0 3 0 59
40 20°¢ 1a EtOH+NaH 120 18 95 70 22 Trace  Trace 72
2; 21f 1a EtOH+NaH 120 18 84 53 28 Trace  Trace 63
43 228 la EtOH+NaH 120 18 25 11 7 Trace  Trace 44
44 23h la EtOH+NaH 120 18 97 96 0 Trace  Trace 99
45 24 1a EtOH+NaH 120 18 13 5 0 4 0 43
46 72 18 13 0 Trace  Trace 98
47 251 1a EtOH+NaH 120 18 49 38 2 Trace  Trace 77
48 26k la EtOH+NaH 120 18 89 83 4 0 Trace 93
:g 27 la EtOH+NaH 120 18 94 86 5 0 Trace 91
51 28m 1a EtOH+NaH 120 18 98 90 9 Trace  Trace 92
52 29" 1la EtOH+NaH 120 18 99 94 4 Trace  Trace 95
33 aReaction conditions; 5 mmol (13.7 M) of neat glycerol, 0.06 mol% (8.2 mM) of catalyst, 5 mmol of base. Heated to 140 °C. ®*Conversion
>4 and yield were determined from 'H NMR using sodium acetate as standard. Selectivity of lactic acid = (yield of LA/conversion of
55 GLY)*100. 9 Result provided as average of four runs. ¢0.75 equivalents of EtOH+NaH were used. f0.5 equivalents of EtOH+NaH were used.
56 £0.25 equivalents of EtOH+NaH were used. "1.25 equivalents of EtOH+NaH were used. 10.0002 mol% of 1a was used. 10.002 mol% of 1a
57 was used. ¥0.02 mol% of 1a was used. '0.04 mol% of 1a was used. ™0.08 mol% of 1a was used. 0.1 mol% of 1a was used.
58
59
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Figure 3. (a) Typical profiles for the formation of Na[LLA] vs. time under the reaction conditions for entries 7, 9, 10 and 11 of Table 1. (b)
Variation of the initial rate of formation of Na[LLA] with the concentration of 1a (reaction conditions: glycerol (0.460 g, 5.0 mmol), in-situ
generated NaOEt (NaH: EtOH = 0.120 g, 5 mmol: 0.291 mL, 5 mmol) and 1a (0.02-0.1mol%; 0.00064-0.0032¢ , 0.001-0.005mmol) at 120
°C). Also see Figure S29. (¢) Variation of the initial rate of formation of Na[lLA] with the concentration of in-situ generated NaOEt (reaction
conditions: glycerol (0.460g, 5 mmol), catalyst 1a (0.06 mol%; 0.0019 g, 0.003 mmol), and in-situ generated NaOEt (NaH: EtOH = 0.030-
0.150 g, 1.25-6.25 mmol: 0.072-0.365 mL, 1.25-6.25 mmol) at 120 °C). Also see Figure S30. (d) Variation of the initial rate of formation of
Na[LA] with the concentration of glycerol (reaction conditions: glycerol (0.115g- 0.460 g, 1.25-5 mmol), in-situ generated NaOEt (NaH:
EtOH=0.120 g, 5 mmol: 0.291 mL, 5 mmol) and 1a (0.06 mol%; 0.0019 g, 0.003 mmol) at 120 °C). Also see Figure S31. (e-f) Determination
of kinetic isotope effect for the 1a catalyzed glycerol dehydrogenation to Na[LA]. (reaction conditions: glycerol/ glycerol-d5/glycerol-d§
(0.460 g, 5.0 mmol), in-situ generated NaOEt (NaH: EtOH= 0.120 g, 5 mmol: 0.291 mL, 5 mmol) and 1a (0.06 mol%; 0.0019 g, 0.003

mmol) at 120 °C). Also see Figure S34.
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=
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°2 80
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= % Conversion of GLY =% Yield of Na[LA] = % Selectivity towards Na[LA]

Figure 4. Recharge experiments using catalyst 1a (reaction condi-
tions: neat glycerol (0.460 g, 5.0 mmol), in-situ generated NaOEt
(NaH: EtOH= 0.120 g, Smmol: 0.291mL, 5 mmol) and 1a (0.06
mol%; 0.0019 g, 0.003 mmol) at 120 °C for the first cycle. There-
after 5.0 mmol each portion of glycerol and in-situ generated Na-
OEt is added periodically after 18 h for seven more cycles). Also
see Table S1.

While catalysis using 1a is complete within 4h at 140 °C (entry
1, Table 1, Figure 3a and S32), lower reaction temperatures also
retain this excellent selectivity: 130 °C (entry 9, Table 1, Figure
S32) and 120 °C (entry 10, Table 1, Figure 3a and S32) but take
longer to go to completion, 12h and 18h respectively. At 120
°C, four repeat experiments show a very consistent catalytic re-
action, with overall conversions between 95-100%, LA yield
between 94-95% and selectivity between 95-99% (Table S2).
Catalytic dehydrogenation of GLY to Na[LA] was slow at 100
°C (entry 11, Table 1, Figure 3a and S32), and did not reach
completion after 30 h. Following these reactions by periodic
sampling 1a (Figure 3a) showed that catalysis at 120 °C (Figure
S32) provided a good kinetic profile, and further optimization

of the reaction was carried out under these conditions. A 92%
yield of hydrogen was also observed under these conditions
(Figure S35). The comparable yields of Na[LA] (95%) and H,
(92%) is indicative of the excellent selectivity and mass-balance
obtained in the dehydrogenation of GLY catalyzed by 1a. Alt-
hough a detailed determination of catalyst speciation was not
possible under these conditions of very low catalyst loadings
(0.06 mol%), the possibility of replenishing the system with
more substrate post initial reactivity was investigated by repeat-
edly adding NaH + EtOH and neat glycerol to the reaction mix-
ture after every 18h. Catalyst 1a could transform replenished
GLY across eight consecutive catalytic runs, amounting to a to-
tal turnover of 11960 (Figure 4). For the first five runs, 1a fa-
cilitated the complete conversion of glycerol with 99% selec-
tivity toward Na[LLA]. After this a gradual decline in measured
conversion, and selectivity, was observed (Figure 4). Conver-
sion could however be marginally improved by extending the
reaction time to 30 h for the runs 6-8 (Figure 4). These data
suggest a slow catalyst deactivation that was not captured in the
first runs under the temporal conditions used.!!®

Scheme 1. Control Experiments

1a (0.06 Mol%) OH
Ho/\l/\oH EtOH + NaH (1 Equivalent) 0
OH 18h, 120°C 1
Excess Hg Ohla
3 4 93%
1a (0.06 Mol%) OH
H O/Y\OH EtOH + NaH (1 Equivalent) /K(o
OH 18h, 120°C (2)
Excess COD ONa
3 461%
D D
sl 1a (0.06 Mol%) oD
DO oD _EtOH + NaH (1 Equivalent) 0
D 0
oD 18h, 120°C D7D
D ONa 3)
3 4' 69% at 95% Selectivity
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Figure 5. HRMS analysis of the reaction mixture obtained from the
la catalyzed transformation of GLY to LA (reaction conditions:
glycerol (0.460 g, 5.0 mmol), in-situ generated NaOEt (NaH:
EtOH= 0.120 g, Smmol: 0.291mL, 5 mmol) and 1a (0.06 mol%;
0.0019 g, 0.003 mmol)) after (a) t = 0 h at room temperature and
(b)t=1hat 120 °C.

The reactivity of commercially available NaO'Bu was compa-
rable to the corresponding activity obtained with in-situ gener-
ated NaOEt, albeit with lower selectivity towards Na[LA] (en-
try 10 vs. entry 13, Table 1), while the commercially available
NaOEt and NaOH demonstrated relatively lower Na[LA] yields
with moderate selectivity (entry 10 vs. entries 12 and 15, Table
1). KO'Bu and KOH demonstrated poorer activity (entries 14
and 16, Table 1 and Figure S33). To confirm that differences
between ‘EtOH + NaH’ and commercially available NaOEt is
not due to a non-negligible amount of NaH remaining in the
‘EtOH + NaH’ mixture, we performed an additional experiment
using commercially available NaH as a base under otherwise
standard conditions (entry 17, Table 1). This reaction yielded
84% Na[LA] with 87% selectivity which is lower than the se-
lectivity obtained with in-situ generated NaOEt (entry 10, Table
1). While we currently do not have a definitive explanation for
these results, the expedient in-situ generation of NaOEt pro-
vides a reliable method to afford high selectivity and conversion
(entry 10, Table 1) when compared commercially available
NaH (entry 17, Table 1) and NaOEt (entry 12, Table 1). No re-
activity was observed in the absence of a base (entry 18, Table
1). Only 3% yield of LA was observed in the absence of 1a
under otherwise identical reaction conditions (entry 19, Table
1).

Control experiments and experimental mechanistic in-
sights. There was a systematic decrease in the initial rate (Fig-
ure S30) and yield of LA and associated reduction in selectivity
on variation of the amount of in-situ generated NaOEt added,
from 1.25 equivalents to 0.25 equivalents of (entries 23, 10, 20,
21 and 22, Table 1). These observations highlight the im-
portance of base, not only to generate the catalytically active
species (e.g. Scheme 2 and Scheme 3) but also to arrest the LA
as the sodium salt, thereby accomplishing an efficient seques-
tration of glyceraldehyde while mitigating its possible reversi-
ble hydrogenation to glycerol. An analysis of the reaction order
by the initial-rate method indicated the first-order dependence
of initial rate on the concentration of GLY (Figure 3d). While
the conversion and selectivity gradually increase when the load-
ing of 1a was varied from 0.0002 mol% to 0.04 mol% (entries

Submitted to Inorganic Chemistry

24-27, Table 1 and Figure S29), any further increase in catalyst
loading up to 0.1 mol% did not have a significant effect (entries
10, 28 and 29, Table 1). The initial rates measured for each cat-
alyst concentration varied linearly with the increase in [la]
(Figure 3b).

Evidence to the homogeneous molecular nature of the catalytic
system was obtained by performing a mercury drop experiment,
where a drop of mercury in the 1a catalyzed transformation of
GLY to LA had negligible effect on the measured reactivity
(compare entry 10 of Table 1 with equation 1 of Scheme 1).
Analysis of the catalysis mixture after 1 hr reaction time using
electrospray ionization high resolution mass spectrometry (ESI-
HRMS) shows a number of cationic species present of the type
[(P2PNFP)IrL], at m/z = 500.2158, 528.2107 and 588.2316 for
L = (H),, MeOH and glyceroxide respectively, Figure 5. These
replace 1a [("*?PNHP)Ir(COD)]*, which is observed at t = 0 hr.
One may note that the three-coordinate pincer-Ir species with
m/z = 498.2025 at t = Oh is more likely to be formed owing to
the MS acquisition conditions. When catalysis is repeated in the
presence of excess COD (equation 2, Scheme 1) diminished
conversion is observed after 18 hr, which is indicative of the
role of dissociation of COD from 1a as a key step in the gener-
ation of the active catalyst.

The corresponding transformation of per-deuterated glycerol 3'
to deuterated lactate 4', in a side-by side experiment,'!! pro-
ceeded at a slower overall rate with a ku/kp''¢ value of 2.7 (Fig-
ure 3e-f), but also lead to lower yield of 69% albeit with com-
parable selectivity of 95% (entry 10, Table 1 vs. equation 3,
Scheme 1). The ku/kp of 2.7 is suggestive of either a C—H bond
cleavage or an O—H bond cleavage involved in, or prior to, the
RDS. In a side-by-side experiment with glycerol 3 and glycerol-
Ds (Ds = HOCD,CD(OH)CD,OH) 3", a ku/kp of 1.3 was meas-
ured, which isolates a secondary KIE effect to C—D substitution.
The ku/kp value of 2.7 obtained in experiments with 3' thus re-
flects the additive isotope effect from both the C—H and O-H
bonds, with the O-H bond activation as a primary KIE, as is
shown from its participation in the RDS as demonstrated in
DFT studies (Figure 6 and its discussion, vide-infra).

Proposed Mechanism. GLY has two primary hydroxyl (OH)
groups and one secondary (-OH) group, which leads to the for-
mation of two possible products: glyceraldehyde (GLA)
through the oxidation of one of the primary (-OH) groups, or
dihydroxyacetone (DHA) through the oxidation of the second-
ary (-OH) group. Both transformations have been computed to
be thermodynamically endergonic, with GLA being 5.29
kcal/mol above GLY and DHA being 9.83 kcal/mol above
GLY. Furthermore, the direct uncatalyzed transformation of
GLY to both GLA and DHA are computed to be kinetically un-
favorable (AG4* = 80.20 kcal/mol and 86.26 kcal/mol respec-
tively, Scheme S45). Thus the uncatalyzed transformations of
GLY to either GLA or DHA are kinetically and thermodynam-
ically unfavored. While use of catalysts for dehydrogenations
have the potential to make these transformations kinetically fa-
vorable, open-vessel conditions that remove generated hydro-
gen and the use of stoichiometric amounts of base to generate
the sodium salt of LA, make these reactions thermodynamically
favorable.

For the 1a catalyzed transformation of GLY to LA, several
mechanisms can be proposed of which three most plausible
mechanisms are shown in Scheme 2-4, and have been examined
by using DFT methods.
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Figure 6. Free energy (4Gui4o) profile of various intermediates and TSs in the (a) the 1a catalyzed GLY to LA reaction via outer-sphere

mechanism (Path A) (b) the 1a catalyzed (Path B) and (c) the 1b catalyzed (Path C) GLY to LA reaction via an inner-sphere mechanism.

ACS Paragon Plus Environment



Page 7 of 11

oNOYTULT D WN =

Scheme 2. The 1a Catalyzed GLY to LA Transformation via
the Outer-Sphere Mechanism (Path A)
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All computations here were performed at 140 °C considering
the fact that the 1a was very efficient under these conditions
(entry 1, Table 1, Figure 3a and S32). Path A in Scheme 2 and
Figure 6a depicts the 1a catalyzed conversion of GLY to LA via
the outer-sphere mechanism.!'® In this case, a neutral, transient,
14-electron tri-coordinate Ir(I) species 5 can be generated via
the dissociation of COD from 1a and subsequent salt metathesis
with NaOEt. Following a MLC path, intermediate 5§ can un-
dergo a O-H activation through transition state TS-6 (AG 4ot =
35.95 kcal/mol) to produce the Ir(I) glyceroxide complex 7.
This step is kinetically difficult, but 7 is —13.83 kcal/mol more
stable than 5. Intermediate 7 then undergoes a f-hydride trans-
fer to Ir center through the transition state TS-8, having a barrier
of 10.52 kcal/mol to form Ir(I) hydride species 9 which is the
most stable intermediate, settling at —20.92 kcal/mol below the
reference complex 5. The intermediate 9 has two potential path-
ways to evolve, the first possibility being a metal-ligand coop-
erativity (MLC) type H; elimination through the transition state
TS-10 having a kinetically forbidden barrier (AG4* = 75.09
kcal/mol) while restoring 5 (Figure 6a).

The second possibility also has a high barrier and involves the
alcoholysis of a new GLY through transition state TS-11 to
form 7 with a concomitant liberation of H, with a kinetic barrier
of 39.95 kcal/mol. Path A can thus be ruled out owing to kinetic
considerations (Figure 6a). Path A' in Figure S36a invokes the
formation of DHA via the la catalyzed reaction and involves
energetics of intermediates and TSs that are very similar to Path
A and is clearly kinetically unfavorable.

Scheme 3 sheds light on an alternative Path B where the reac-
tivity is completely based on inner-sphere mechanism. Here one
could envisage the catalyst 1a leading to cationic species 15-H
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with a coordinating ethoxide counterion along with the for-
mation of NaCl. One would envisage that the heat of formation
of Na[BAr",] is relatively unfavorable starting from 1¢ which is
reflected in its slow reactivity (entries 5 and 6, Table 1). An
oxidative addition of the primary hydroxyl of GLY on to the
Ir(I) center in 15-H could lead to Ir(IIT) glyceroxide species 17-
H with a hydrogen bond interaction between N—H and glycer-
oxide O (Scheme 3) in an endergonic process (4G = 13.52
kcal/mol). This transition goes through TS-16-H and has a bar-
rier of 27.01 kcal/mol (Figure 6b). The barrier is much higher
(4G40t = 31.96 kcal/mol) if a hydrogen-bonded Ir(IIl) glycer-
oxide species is not considered (Figure S37). The oxidative ad-
dition in the cycle that involves hydrogen bonding (Figure 6b)
is more favorable by 4.95 kcal/mol in comparison to the corre-
sponding cycle where hydrogen bonding is not invoked (Figure
S37).

Scheme 3. The 1a Catalyzed GLY to LA Transformation via
an Inner-Sphere Mechanism (Path B) and by Invoking Hy-
drogen Bonding
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Further, 17-H may undergo a f-hydride transfer via the transi-
tion state TS-18-H with a barrier of 9.11 kcal/mol leading to the
formation of GLA and a Ir(Il) dihydride species 19-H, which
is 2.51 kcal/mol above the reference 15-H (Figure 6b). The
Ir(IIT) dihydride species 19-H has two potential pathways. The
first possibility is the alcoholysis of 19-H with a new GLY lead-
ing to 17-H with concomitant release of H, via transition state
TS-21-H with a very high barrier of 39.24 kcal/mol. The high
kinetic barrier makes this step less favorable. On the other hand,
the reductive elimination of H, from 19-H goes through the
transition state TS-20-H a with a very reasonable barrier of 6.97
kcal/mol to restore 15-H.

On a similar note, Scheme 4 discusses the possibility of cata-
Iytic cycle via Path C using catalyst 1b (Figure 6¢) where inner-
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sphere mechanism is the only possibility. Here, the intermediate
15-Me derived from 1b with a -NMe group, passes TS-16-Me
of 30.36 kcal/mol barrier, but ends up in the rather relatively
stable Ir(IIT) glyceroxide intermediate 17-Me, which is 9.08
kcal/mol above the reference. It is thus apparent that the oxida-
tive addition in the cycle that involves hydrogen bonding (Fig-
ure 6b) is more favorable by 3.35 kcal/mol in comparison to the
corresponding cycles where there is no possibility (Figure 6¢)
of hydrogen bonding.

Scheme 4. The 1b Catalyzed GLY to LA Transformation via
an Inner-Sphere Mechanism (Path C)
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Subsequent f-hydride transfer to form a Ir(IlT) dihydride spe-
cies 19-Me and eliminate GLA through TS-18-Me has a much
higher barrier of 21.87 kcal/mol (Figure 6¢). On one hand, al-
coholysis of 19-Me with a new GLY leading to 17-Me with
concomitant release of H, via transition state TS-21-Me has a
very high barrier of 40.17 kcal/mol which makes these step un-
favorable. On the other hand, the reductive elimination of H,
from 19-Me goes through the transition state TS-20-Me with a
more reasonable barrier of 7.11 kcal/mol respectively to restore
15-H and 15-Me.

A critical analysis of the various steps involved in the catalytic
cycles of 1a and 1b provides the necessary explanation on why
1a is more active than 1b in transforming GLY to LA while
going through the most favorable Path B (15-H— TS-16-H—
17-H—>TS-18-H—>19-H—>TS-20-H—>15-H) involving hydro-
gen bonds between glyceroxide O and NH of the pincer back-
bone with an overall rate-determining barrier of 27.01 kcal/mol.
Interestingly, some of these intermediates are detected by ESI-
HRMS analysis (Figure 5). Other possibilities involving DHA
via Path A' for the catalytic cycle of 1a (Figure S36a) or via
Path B' and Path C' for the catalytic cycles of 1a (Figure S36b
and Figure S36¢) and 1b (Figure S38) respectively, demonstrate

comparable energetics as discussed for the corresponding cy-
cles in Path A, Path B and Path C.

CONCLUSIONS

In conclusion, this study highlights the application of pincer
iridium complexes for the catalytic dehydrogenation of glycerol
to lactic acid, in particular using pre-catalyst
[(P*?PNHP)Ir(COD)]CI, 1a that promotes high conversions
(96% yield within 4h) and excellent selectivity (99%) at 140 °C.
Mechanistic investigations have provided valuable insights into
the reaction mechanism. Evidence for the homogeneous nature
of the reaction involving well-defined molecular catalysts was
obtained from mercury-drop experiments. The kinetic studies
demonstrated a first-order dependence of the rate on the con-
centration of catalyst 1a, and glycerol. An inner-sphere mecha-
nism, rather than an outer-sphere mechanism, is suggested to be
operative as the former provides an explanation for the perfor-
mance and activity of [(P?PNM*P)Ir(COD)]CI. Furthermore,
DFT studies reveal that the overall energetics via the inner-
sphere mechanism are more favorable with oxidative addition
of glycerol to a 14-electron pincer-Ir intermediate
[(P*2PNHP)Ir]Cl being identified as the rate-determining step
(RDS). Deuterium labeling investigations revealed a kn/kp of
2.7 in studies with glycerol-Dg, while a ku/kp of 1.3 was ob-
tained with glycerol-Ds. A combined analysis of DFT and iso-
tope-labelling studies reveal that the O—H bond activation par-
ticipates in the RDS and is the major contributor to the observed
KIE of 2.7 with per-deuterated glycerol. The GLY dehydro-
genation is kinetically more favorable (AGut = 27.01
kcal/mol) when one of the terminal O-H’s of glycerol is hydro-
gen-bonded to the N—H of the pincer backbone. This is in con-
trast to cases where hydrogen bonds are not possible
[(P2PNMP)Ir]CI (AGia0* = 30.36 kcal/mol) or are not invoked
(AGis0* = 31.96 kcal/mol). Overall, this investigation lays the
foundation for the development of efficient and sustainable cat-
alytic systems for the conversion of glycerol to lactic acid and
hydrogen, contributing to the advancement of green chemistry
and the utilization of biomass-derived feedstock in the produc-
tion of valuable chemicals.

EXPERIMENTAL SECTION

General Procedure and Materials. All manipulations were carried
out under purified argon using a standard double manifold or glove box
and the catalytic reactions were performed under an argon atmosphere
using an oven-dried 5 mL pear-shaped flask attached to a condenser.
The chemicals, such as NaO'Bu, KO'Bu, NaOH, KOH, NaH, NaOEt,
D20, and anhydrous glycerol and glycerol-d8 were purchased either
from Sigma-Aldrich or Merck and used as such. The considered cata-
lysts 1a-c and 2a along with the ligand PNM¢P'Pr were prepared accord-
ing to the reported protocol.!'** Ethanol was dried and distilled under
argon according to the literature procedure.'?

Physical Measurements. The 'H, H, 3'P, and '3C{1H} NMR spec-
tra were recorded on a Bruker ASCEND 600 instrument operating at
600 MHz for 'H, 150 MHz for '3*C{1H}, and 564 MHz for *'P, or on a
Bruker AVANCE 500 instrument operating at 500 MHz for 'H, 125
MHz for '*C{1H} and 470 MHz for 3'P, or on a Bruker AVANCE 400
instrument operating at 400 MHz for 'H, 100 MHz for *C{1H} and
376 MHz for 3'P. Chemical shifts (3) are reported in ppm. Spin-spin
coupling constants (J) are expressed in Hz, and other data are reported
as follows: s = singlet, d = doubet, t = triplet, m = multiplet, q = quartet,
and br = broad singlet.

Synthesis of [Ir(PNM*P'Pr)(COD)]CL [Ir(COD)CI]2 (130 mg, 0.19
mmol) was dissolved in a solution of 1,5 cyclooctadiene (COD, 0.1
cm3, 0.82 mmol) in 3 cm?® of 1,2-difluorobenzene and then stirred for
1 minute to give a red solution. To this solution, PNM®PPr (3.25 cm® of
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a 0.12 mol dm-3 solution in 1,2-difluorobenzene, 0.39 mmol) was
added, upon which the reaction mixture turned yellow. This mixture
was then stirred for two hours at room temperature before layering with
pentane. Upon diffusion of the pentane, x-ray quality crystals of
[Ir(PNMePPr)(COD)]CI formed. '"H NMR (600 MHz, CD:Cl») 3.43
(br, s, FWHM 150 Hz, 4H, H-10), 2.97 (m, 2H, H-4), 2.90-2.75 (m,
4H, H-2a,2b), 2.39 (br, 4H, H-11a,12a), 2.27 (s, 3H, H-1), 2.12-1.95
(m, 6H, H-3a,3b,H-7), 1.70 (m, br, 4H, H-11b,12b), 1.51 (m, 12H, H-
5,6), 1.33 (dd, J = 10.8, 7.2 Hz, 6H, H-8), 1.17 (dd, J = 14.6, 7.5 Hz,
6H, H-9). *'P{'H} NMR (203 MHz, CD:Cl»): 22.3. Molecular weight:
655.3045, HRMS (ESI): m/z calculated for [1b-CI]* =
[Ir(PNMPiPr)(COD)]*: 620.3126, found 620.3126.

General Procedure for the 1a Catalyzed Glycerol to Lactic Acid
Reaction: In a SmL pear-shaped flask attached to a condenser, neat
glycerol (0.460 g, 5 mmol), 1a (0.06 mol%, 0.0019 g, 0.003 mmol) and
in-situ generated NaOEt (NaH: EtOH = 0.120 g, 5 mmol: 0.291 mL, 5
mmol) were added inside the glove box and the resulting reaction mix-
ture was heated at 140 'C for 4h. The mixture was then cooled at room
temperature and an aliquot was withdrawn from the reaction mixture to
an NMR tube containing sodium acetate. The yield of sodium salt of
lactic acid was determined by 'H NMR using D20 as a solvent and
sodium acetate as a standard.

General Procedure for the Kinetic Studies

Variation of Catalyst Concentration. To five SmL pear-shaped
flasks attached to a condenser, neat glycerol (0.460g, 5 mmol), and in-
situ generated NaOEt (NaH: EtOH= 0.120 g, 5 mmol: 0.291 mL, 5
mmol), and various amounts of catalyst (0.02-0.1mol%; 0.00064-
0.0032g, 0.001-0.005mmol) were added inside the glove box. The re-
action mixture was then heated at 120 °C under an Ar atmosphere. At
regular intervals (Figure S29), an aliquot was withdrawn from the re-
action mixture and added to an NMR tube containing sodium acetate.
The yield of sodium salt of lactic acid was determined by 'H NMR
using D20 as a solvent and sodium acetate as a standard.

Variation of Base Concentration. To four SmL pear-shaped flasks
attached to a condenser, glycerol (0.460g, 5 mmol), catalyst 1a (0.06
mol%; 0.0019 g; 0.003 mmol), and various amounts of in-situ gener-
ated NaOEt (NaH: EtOH = 0.030-0.150 g, 1.25-6.25 mmol: 0.072-
0.365 mL, 1.25-6.25.00 mmol) were added inside the glove box. The
reaction mixture was then heated at 120 °C under an Ar atmosphere. At
regular intervals (Figure S30), an aliquot was withdrawn from the re-
action mixture and added to an NMR tube containing sodium acetate.
The yield of lactic acid was determined by 'H NMR using D20 as a
solvent and sodium acetate as a standard.

Variation of Glycerol Concentration. To four SmL pear-shaped
flasks attached to a condenser, catalyst 1a (0.06 mol%; 0.0019 g; 0.003
mmol), and in-situ generated NaOEt (NaH: EtOH = 0.120 g, 5 mmol:
0.291 mL, 5.00 mmol), and various amounts of glycerol (0.115g-
0.460g, 1.25-5 mmol) were added inside the glove box. The reaction
mixture was then heated at 120 °C under an Ar atmosphere. m-xylene
was used as a make-up solvent at a lower concentration of glycerol. At
regular intervals (Figure S31), an aliquot was withdrawn from the re-
action mixture and added to an NMR tube containing sodium acetate.
The yield of sodium salt of lactic acid was determined by 'H NMR
using D20 as a solvent and sodium acetate as a standard.

Computational method: The reaction mechanism and the elemen-
tary steps of glycerol oxidation were investigated using density func-
tional theory (DFT) in the Gaussian 09 package,'* employing the M06'*
functional. For iridium (Ir), the small-core, quasi-relativistic
Stuttgart/Dresden effective core potential was utilized with the associ-
ated valence basis set (SDD)."> All other atoms (P, O, C, N, and H)
were represented by the 6-311g** basis set'® in conjunction with em-
pirical dispersion GD3.!7 The singlet, triplet, and quintet spin states
were investigated. The transition states were calculated using a syn-
chronous transit-guided quasi-Newton (QST3) approach, and the ex-
trema were verified by analytical frequency calculations. Furthermore,
the Intrinsic Reaction Coordinate (IRC) procedure is applied to extrap-
olate the two minima connected by each transition state. This analysis
of the results was based on total energies, including corrections for
electronic energies (E) and Gibbs free energies (G) at 413.15 K and 1
atm. The AG* values were computed assuming an ideal gas, unscaled
harmonic vibrational frequencies, and the rigid rotor approximation.
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GLY, Glycerol; LA, Lactic Acid; TON, Turnover Number; Turno-
vers per hour, TOs/h; Rate Determining Step, RDS; Kinetic Isotope
Effect, KIE.
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